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Abstract

The seasonal variability of the Japan/East Ses (JES) circulation was studied numerically
using the Prineeton Oeean Maodel {POM) with horizontal resolution varying from 1154 ta 18.53
km and 15 sigma levels conforming to a relatively realistic hottom topography. The model was
integrated using elimatological monthly mean wind stresses, heat and salt Quxes as surface forcing
and observational oceanie inflow foutflow at open boundaries, The seasonally averaged effects of
isolated foreing terms are presented and analyzed from the following experiments: 1) non-linear
effects removed. 2) no lateral transport at open boundary, and 3) wind effects removed. Major
currents are simulated reasonably well compared to observations, The nonlinear advection does
not affect the general circulation pattern evidently, but does allect the formation of the mesascale
vildies, especially the Ulleung/Tsushima Basin (UTB) eddy (all seasons) and the Japan Basin
{JB) evclonic gyre (spring). The lateral boundary forcing enhances (weakens) the JES volume
transport in the summer (winter), The wind forcing 1= the most important factor (0%} for
generating the JB eyvelonic gyre, Besides, it drives the Liman Corrent and damps the East
Korean Warm Current in the winter, and generates the UTH eddy, and eddies along the Japan
MNearshare Branch [JNB) in all seasons, However, it has almost no elfect on the JNBE currents
for all seasons,

1 Introduction

The Japan Sea, known as the East Sea in Korea, has a steep bottom topography (Fig.
1) that makes it & unique semi-enclosed ocean basin overlaid by a pronounced monsoon
surface wind., The Japan/East Sea, hereafter referred to as JES, covers an area of 108
km?. It has a maximum depth in excess of 3,700 m, and is isolated from open oceans
except for small (narrow and shallow) straits, which connects the JES with the North
Pacific through the Tsushima/Korean and Tsugaru Straits and with the Okhotsk Sea
through the Sova and Tatar Straits. The JES contains three major basins called the
Japan Basin (JB), Ulleng/Tsushima Basin (UTH), and Yamato Basins (YB), and a high
central seamount called the Yamato Rise {YR). The JES has great scientific interest
as a miniature prototype ocean. Its basin-wide circulation pattern, boundary currents,
Subpolar Front (SPF), mesoscale eddy activities and deep waler formation are similar to
those in & large ocesn.

Mumerical studies on the JES circulations started in early 1980, Various types of mod-
els were used such as Lthe multi-laver model (Sekine, 1986, 1991; Kawabe, 1982h: Yoon,
19824 ,b; Senng and Nam, 1992a.h; Seung and Kim, 1995], the Modular Ocean Model
(MOM) (Kim and Yoon, 1990; Holloway et al., 1995; Kim and Yoon, 1996; Yoshikawa et
al., 1999, rigid-lid z-level model { Yoshikawa et al., 1999), the Miami Isopyenal Coordinate
Muodel (MICOM) (Seung and Kim, 1993} and the Princeton Ocean Model (POM) (Mooer
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ESTUARINE AND COASTAL MODELING

and Kang, 1995; Chu et al., 1999c.d), Maost of the numerical eflorts are concentrated on
simulating basin-wide circulation, the Tsushima Warm Current (TWC) bifurcation, and
formation of the intermediate waters. However, there is lack of studies on dynamical
iechanisms for the formation of seasonal variability of the JES circulation,

In ihis study, we use the POM to investigate driving mechanisms for the formation
of the seasonal variabilities of the JES circulation including the subpolar [ront (SPF)
meandering and eddies, the TWC bifurcation and its effect on the formation of mesoscale
eddies in the UTB and the YB, and the Liman Cold Current (LCC) and its penetration
into the southwestern waters along the Korean cosst. The control run, forced by the cli-
matological monthly wind stress, heat and fresh water fluxes, is designed to best simulate
reality against which each experiment is compared. In the experiments, varions external
and internal factors nre modified and the resulting circulation patterns and magnitudes
compared to the control run results. Specifically, we estimate the contribution, in terms
of volume transport and cireulation patterns, of non-linear advection, wind forcing and
juteral boundary transport to the ocesn features identified in the control results. From
thiis, we can estimate the relative importance of these factors to the seasonal varinbility
of the JES circulation,

2 JES Current Systems

Most of the nearly homogencous water in the deep part of the basin is called the Japan
Sea Proper Water [Moriyasu, 1972) and is of low temperature and low salinity. Ahove
the Proper Water, the TWC, dominating the surface layer, flows from the East China Sea
through the Tsushima/Korean Strait and carries warm water from the south. The LCC
flows in the JES from the Okhotsk Sea through the Tatar Strait, carries cold fresh water
from the north, and becomes the North Korean Cold Current (NKCC) after reaching the
North Korean coast (Yoon, 1982). Both currents turn eastward to flow roughly along
AN latitude, forming the SPF between the Tsushma Warm Water and the cold and
fresh water from the north (Fig. 2).

Uda (1934) was the first one to sketch the JES general circulation from limited ohser-
vationsl data, The TWC separates north of 35°N into two branches into & western and
un eastern channel (Kawabe, 1982a.b; Hase et al., 1999} and flows through the western
channel, called the East Korea Warm Current (EKWC), and elosely follows the Korean
coast until it separates near 37°N into two branches. The eastern branch follows the SPF
16 the western coast of Sapporo Island, and the western branch moves northward and
forms & cyclonie eddy at the Eastern Korean Bay (EKB). It flows through the enstern
channel which closely follows the Japanese Coast, called the Nearshore Branch (NB) by
Yoon (1982a). More accurately, we call it the Japan Nearshore Branch (JNB). The JNB is
usually weaker than the EKWC. The strength of the Tsushima Current at both channels
reduces with depth.

The NKCOC meets the EKWC at about 38° N with some seasonal meridionnl migration,
After separation from the coast, the NKCC and the EKWC converge and form a strong
front that stretches in o west-vast direction across the busin. The NKOC makes a cyelonic
recirculation gyre in Lthe north but most of the EKWC flows out through the outlets,
The formation of NKCC and separation of EKWC are due to local forcing by wind and
buoyaney flux (Seung, 1992}, Large meanders develop along the front and are associated
with warm and cold eddies. Readers may find gualitative depiction from a texthook
written by Tomezak and Godlrey (1994),

Chu et al. (1999b) identified major features of the three-dimensional cireulation and
the volume transport from the Navy's 0L5° =0.5° global monthly climatological tempera-
ture and salinity dati set using the P-vector method {Chu, 1995; Chu et al., 1998b). The
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transport pattern is largely determined by the upper layer circulation and characterized
by a large-scale cyclonie recirculation gyre, in which the EKWC and the INB take purt, as.
the inflow-outfow system, and the NKCC in the North. At a few hundred kilometers off
the separation area, the EKWC makes an anticyclonic gyre. The gyre becomes stronger
as the EKWC develops. On the other hand, the northern cyclonic gyre is very deep and
is most significantly in the winter strengthened by the wind and buoyancy flux. The
gyre, or the southward coastal current related to it, is deep enough to intrude sout hward
beneath the EKWC most of the time. Seung also conlirmed the summertime presonce of
counter-current beneath the JNB. North of the SPF there exists o eyclonic gyre in the
JB usually called the JB gyre.

3 Seasonal Variation of Atmospheric Forcing

The Asian monsoon strongly affects the thermal structure of the JES (Chu et al,, 1998a).
During the winter monsoon season, a very cold northwest wind blows over the JES as a
result of the Siberian High Pressure System. By late April, numerous frontally-gencrated
events ocour making late April and May highly varinble in terms of wind speeds and
number of clouds, During this period storms originating in Mongolia may cause strong,
warm westerlies. By late May and early June, the summer surface atmospheric low
pressure system begins to form over Asia. Initially this low pressure system is centered
north of the Yellow Sea producing westerly winds. In late June, this low begins to migrate
to the west setting up the southwest monsoon that dominates the summer months, The
winds remain variable through June until Manchurian low pressure system strengthens.
Despite the very active weather systems, the mean surface wind speed over the JES in
summer is between 3 and 4 m/s, which s weaker than in winter. By July, however, high
pressure (the Bonin High) to the south and the low pressure over Manchuria produce
southerly winds carrying warm, moist air over the East China Sea/Yellow Sea. In the
summer, warm air and strong downward net radiation stabilize the upper layer of the
water and causes the surface mixed layer to shoal, October is the beginning of the
transition back to winter conditions. T'he southerly winds weaken and let the sea surlice
slope reestablish the winter pattern.

The datasets used were the objectively analyzed ficlds of surface marine climatology
and anomalies of fluxes of heat, momentum, and fresh water. The fields are derived from
individual observations in the Comprehensive Ocean-Atmosphere Data Set (COADS)
from 1945 to December 1989 and are analyzed on a 17 by 17 grid (da Silva et al,, 1094),

4 The Numerical Ocean Model

41 Model Description

Coastal oceans and semi-enclosed seas are marked by extremely high spatial and tempo-
ral variability that challenge the existing predictive capabilities of numerical simulations.
The POM is a time dependent, primitive equation circulation model on a three dimen-
sional grid that includes realistic topography and a free surface (Blumberg and Mellor,
1987}, River outflow is also not included. However, the seasonal variation in sen sur-
fuce height, temperature, salinity, circulation and transport are well represented by the
model. From a series of numerical experiments, the qualitative and quantitative effects
of non-linearity, wind forcing and lateral boundary transport on the JES are analyzed,
yielding considerable insight into the external factors affecting the region oceanography.
The model results were sampled every thirty days.
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The model contains 94% 100 = 15 horizontally fixed grid points, The horizontal spacing
is 10 latitude and longitude (approximately 11.54 to 15.18 km in the zonal divection
and 18.53 km in the lafitudinal direction) and 15 vertical sigma coordinate levels are
used. The model domain is from 35.0° N to 51.5° N, and from 127.0° E to 142.5°
E. The bottom topography is the smoothed data from the Naval Oceanopraphic Office
Digital Bathymetry Data Base 5 minute by 5 minute resolution (DBDBS). The horizontal
Aiffusivities are modeled using the Smagorinsky (1963} form with the coefficient chosen
o be 0.2 for this application. The hottom stress vy is assumed to follow s quadratic

Jaw

Ty = opCp|Ve| Vi (1)

where gy (= 1025 kg/m?) is the characteristic density of the sea water, V} is the horizantal
compaonent of the bottom velocity, and Cp is the drag coefficient which was determined
hy the similarity theory.

4.2 Surface Forcing Functions

The atmospheric forcing for the JES application of the POM includes mechanical and
theymohaline forcing. The wind forcing is depicted by

du v
IﬂqKnr{Eﬁ—z:lmn = (Toz Top) (2]

where (. 0} and {Toz. Tp,) are the two components of the water velocity and wind stress
vectors, respectively. The wind stress at each time step is interpolated from monthly
mean climate wind stress from COADS (1945-1989), We interpolated the COADS wind

stress of the resolution of 19% 1% onto the model grid of the resolution of 10°.
Surface thermal forcing is depicted by

as Q :
K- = ai{;u-—{j; ) + aaCifons — 8) (1)

K28 = aiS(P - B) + wsC(Sons = 5) (4)
iz

where fops and Spps are the observed potential temperature and salinity, o, is the
specific heat, (g is the net surface heat flux (downward positive), P is the precipitation
rate, and £ is evaporation rate. The relaxation coefficient €' is the recipracal of the
restoring time period for & unit volume of water. The parameters (n, o) are (0,1)-type
switches: oy = 1, ay = (I, would specify only flux forcing is applied; o, = 0, & = 1,
would specify that only restoring type forcing is applied.

Chu (1989) pointed out the importance of using compatible surface wind and thermal
boundary conditions, Chu et al. (1998¢) further found that the restoring surface boundary
condition does not exist anywhere in the world ocean, Therefore, in this study, the
surface thermohaline foreing is determined solely by the flux forcing, that is, oy = 1,
g = [Vin {3)-(4). The mixing coefficients Iy, Ky, and Ks were computed using a level
two-turhulence closure scheme (Mellor and Yamada, 1982).

4.3 Lateral Boundary Forcing

Closed lateral boundaries, i.e., the modeled ocean bordered by land, were defined using a
free slip condition for velocity and a zero gradient condition for temperature and salinity.
No advective or diffusive heat, salt or velocity fluxes oceur through these boundaries.

At open boundaries, the numerical grid ends but the fluid motion is unrestricted.
Unecertainty at open boundaries makes margimal sea modeling difficult, Three approaches,
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Tsushima | 0.7 (1.3 (.t 0.4 0.6 1.2 2.0 2. 2.1 22 |22

Month Jan | Feb | Mar | Apr I‘i_lil._'}' Jun | Jul Aug | Sep Oct | Nov | Dec
Sova D32|-012]-020]-015]-020]-035]-055]-057[-057]-06]-06[-04
Tatar 02 0.2 0.2 0.2 0.2 0.2 02 0.2 0.2 02 |02 0.2

Taugaru -0.68 | -0.38 | 060 ) 045 | 060 | <205 | 165 | LT3 | =17 1B | =18 ]-12

1.1

Tabsle 1 Monthly variation of volume transport (Sv) at the lateral open boundaries, The
positive/negative values mean inflow /out flow,

local-type, inverse-type, and nested basin/coastal modeling, are available for determining
the open boundary condition (Chu et al, 1997). Here, we take the local-type approach,
i.e., to use Lhe radiative boundary condition with specified volume transport. When the
water flows into the model domain, temperature and salinity at the open boundary are
likewise prescribed from the Navy's climatological data. When water flows out of the
domain, the radiation condition was applied,

a4 By i
EW‘S' -+ U“ﬁ{ﬂ'&} =0 (5)

where the subscript is the direction normal to the boundary,

Warm water enters the JES through the Tsushima/Korean Strait with the TWO from
the East China Sea, and cold water enters the JES through the Tatar Strait with the
Liman Current from the Sea of Okhotsk {Uda, 1934). The water exits the JES through
the Tsugaru and Soya straits, We use o more recent estimation of the monthly mean
volume transport, reported by Chu et al, (19900), through the Tsushima/Korean Strait
with the annual average of 1.3 Sv, a maximum of 2.2 Sv in October, and a minimum of
0.3 Sv in February. The total inflow transport through the Tatar and Tsushima/Korean
straits should be the same as the total outflow transport through the Tsugaru and Soya
straits. We assume that 75% of the total inflow transport should flow owt of the JES
through the Tsugaru Strait, and 25% through the Soya Strait. The monthly volume
transports at open boundaries are listed in Table 1.

4 4 Initial Conditions and Initialization

The model was integrated with all three componenis of velocity (i, v, w) initially set 1o
zero, and with temperature and salinity specified by interpolating climatology data 1o
each model grid point, The model vear consists of 360 days (30 dayvs per month), day
461 corresponds to 1 January, 14 was found that %0 days were sufficient for the model
kinetic energy to reach gquasi-stendy state under the imposed conditions. In order 1o first
capture the winter monsoon to summer monsoon transition, the model was started from
40 October, and run to 30 January next year for spin-up. After that day (30 January),
the model was run another three years for esch experiment. The monthly mean data are
used [or comparison.

45 Mode Splitting

For computational efficiency, the mode splitting technique (Blumberg and Mellor, 1987
is applied with a barotropic time step of 25 seconds, based on the Courant-Friederichs-
Levy (1928) computational stability (CFL) condition and the external wave speed; and
& baroclinic time step of 900 seconds, based on the CFL condition and the internal wave
speed.
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46 Volume Transport Streamfunction

To investigate the JES circulation as a whole, we integrate the velocity vertically from
the surface (3 = 0] to the hottom (=2 = - h)

0
(V)= f (o, 0)dz (6)
=k
e to the continuity the volume transport stream function (W) &= defined by
L _av
U= FL; V= I (7)

and satisfies the Poisson equation

a2 i av  au
{El;_;f-l-riﬂl‘ =% "5 (8)

For each fime instance, we solve the two-dimensional Poisson equation (10] with the given
boundary conditions. that is, zero transport at the rigid boundaries and known transport
at the open boundaries (see Table 1),

5 The Simulated Circulation (Control Run)

51 General Description

The simulated surface velocity field (Fig. 4) coincides with the earlier deseription of
the JES civenlation presented in Section 2, The TWO soparates at the Tsushima/Korea
Serait into western and eastern branches, Flow through the western channel (i.e., EKWC)
closely follows the Korean coast until it separates near 38°N into two branches. The
pastern branch follows the SPF to the western coast of Sapporo Istand, and the western
hranch, moves northward and forms a cyclonic eddy at the Eastern Korean Bay (EKB).
Flow throngh the eastern channel (ie, INB) is a little weaker than through the western
channel, The simulated LCC carries frosh and cold water along the Russian const and
becomes the NKCC ar the North Korean const. The simulated NKCC meets the EKWC
at ahout Z8°N. After separation from the coast, the NKCC and the EKWC converge to
i strong front that rums in the west-east direction across the basin.

5.2 1B Cyclonic Gyre

A large-seabe cyelonic recireulation gyre over the JB is simulated with a strong seasonal
waration, This gyre is easily identified by the volume transport streamfunction (Fig. 4).
The JB gyre is the strongest and recirenlates 8 Sv in the winter. It weakens and retreats
novthward in the spring and summer. In the fall, the eyelonic JB gyre disappears ancl
weak anticvelonie eddies appears,

53 LCC

The LCC is a southwestward current following along the Russian coast. It bifurcates into
two hranches near the east Russian bight (134°E, 42°N): the western branch flows along
the Russian-Korean coast aud becomes the NKCC. The eastern hranch flows sontheast-
ward, then turns eastward at 41.5°N, and becomes the south fank of the JB gyre. The
LCC has a strong seasonal wariation with the maximmm speed in the winter (Fig. 3a)
aned the winimnm speed in the summer (Fig. 3c).
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54 EKWC

EKWC, western branch of TC north of the Tsushima/Korea Strait, acts as a western
boundary current and has a strong seasonal variability. At 37°N, the EKWC v-velocity
component, which is practically the direction of the current on that position, varies from
(L300 m/s in winter to 0.42 m/s in summer {Fig. 5). The width of EKWC is around 60
km all year round. However, the depth is around 1,400 m in the summer and 800 m in
the winter.

55 EKWC - NKCC Confluence

The (northward) overshooting of the EKWC near the Korean Bight at 37.5°N is stronger
in the winter than in the sumner (Fig, 3). The overshot EKWC leaves the Korean coast
and moves northward. It converges with the southward flowing NKCC, at 39°N, 130°FE,
and forms a current meandering toward the east along the SPF. We may call it the SPF
Current [PFC).

56 JNB

JNB, the eastern branch of TC north of the Tsushima/Korea Strait at 135°E, lhas a
maxitoum eastward component of 0018 m/s in the winter (Fig., 6). A counter current
beneath it 15 simulated with a westward component of 0,09 m/s. In the summer, the
connter current remains alimost unchanged, but the JNB increases to 0L21 wm/s (Fig- 6).

57 UTB Eddy

The western branch of the wiarm TC (i.e., EKWC) moves northward along the southern
part of Korean coast and separates from the coast after approaching the East Korean
Bay (ERB). It keeps its northward motion until meeting the NKCC near 40°N, meanders
southeastward, and forms o warm-core anticyelonic eddy (Fig, 3). The simulated antioy-
clonie UTB eddy 1= strongest in the summer (Fig. 3c). The center is located at 38.5°N
130°E. The size of the eddy is around 150 km. The tangential velocity is around 0.4 m/s.

6 Driving Mechanisms

We analvzed the results of the four experiments to identify the driving mechanisms for
the JES circulation.

6.1 Effects of Nonlinearity (Run 1 - Run 2)

In the first sensitivity study, the nonlinear advection terms were removed from the dy-
namic erquations,  Otherwise, the same parameters as the control run were used, The
figures and analysis were perforied after computing the difference between control and
non non-linear terms runs. The differential surface vector velocities (Fig. 7) do not show
evidence for general circulation patterns except a couple of mesoscale eddies, and espe-
cially the UTB eddy, which indicates that the non-linearity does not change the general
circulation pattarn except for the UTH anticyclonic eddy. However, our computation
shows thar the non-linearity causes a noticeable change in the volume transport.

6.2 Wind-Induced Circulation (Run 1 -Run 3)

Compared to the surface velocity vector map for the control run (Fig. 3], the surface
differential current vectors AV (Fig. 8) clearly show the wind effects on the JES circula-
tion: (a) driving the LCC in the winter, (b) damping the EKWC especially in the winter,
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(¢) generating the UTE eddy in all the seasons, and (d) generaring eddies along the JNB.
The wind has alinost no effect on the oceurrence of the JNB for all seasons.

The winter mMoNsoOn winds blow from the northwest to the southeast over the JES
anrface and drives the Ekman flow in the upper ocean to the right of the wind direction,
guch a surface current moves southward at the western coast of the JES and strengthens
the LCC and weakens the EKWC. The summer monsoon winds blow from the sonth and
sontheast to the northwest with much smaller speeds. Thus, the summer wind effects on
radueing LOC and strengthening EKWO are quite wealk.

The winds drive mesoscale eddies especially near UTB and along the west coast of
Honshu. The surface UTB eddy, oceurring on the differential velacity vector map (Fig.
4. has the similar swirl velocity (anticyelonic) with same order of magnitudes {inaximum
wulne of 0.7 m/s) as the control run (Fig. ). This means that the wind effect is in fact
a key factar for generating the UTB anticyclonic eddy. Furthermore, there is no evident
current along the west coast of Honshu an the AV map (Fig. 8}, indicating that wind
forcing s not a major factor for mamtaining JNB.

6.3 Inflow/Outflow Induced Circulation (Run 1 - Run 4)

The third sensitivity study used the control run equations and forcing but closed all
open lateral houndaries, preventing the transport of mass, heat or salinity through the
Teushima, Tsugaru, Sova, and Tatar Straits, With inflow or outflow, the JES vertically
integrated circulation pattern is more pronounced in the summer than in the winter.
This is becanse ¥ (contral - no transport) pattern {Fig. 9) is quite similar to We (control
run) (Fig. 4} in the summer than in the winter. Increased circulation in the summer by
the lateral transport generally leads to greater horizontal and vertical variabilities of the
eurrent strneture, 1o the winter, ¥ has positive values (2 Sv), and %o has negative values
in JB. This suggests that the lateral transport reduces the JB cyclonic gyre by 2 5v in
the winter,

7 Conclusions

{1} The JES circulation was simulated in this study by the POM mocdel under the seasonal
surface flux forcing. The northern JES {i.e. the Japan Basin) is occupied by a cyclonic
gvre (called the JB gyvre) and the southern JES is characterized as a multi-eddy structure.
The valume transport streamfunction has a double-gyre structure with negative values
levelonic) in the northern JES and positive values (anticyclonic) in the southern JES, The
sitmtlated JB gyre is the strongest and recirculates 8 Sv in the winter. It weakens and
rerreats northward in the spring and summer. In the fall, the cyclonic JB gyre disappears
and weak multi-anticyelonic eddies appear.

(2} The current svstems such as the LCC, EKWC, NKCC, and JNB are simulated
reasonahly well. The simulated LCC has a maximum southward component (.21 m/s),
ocenrring near the surface in the winter with a width of 100 km and extending to a depth
of 800 m, It weakens to a minimum of .15 m/s in the summer and fall, and shrinks in
stz to a width of 60 km oand depth of 400 m.

The simulared EKWOC waries from 0,42 m/s (summer} to 030 m/s (winter). The
width of the EKWC & around 60 km all year round. However, the depth is around 1,400
i the sunmer and 800 m in the winter. The (northward) overshot EKWCO leaves the
Korean coast moving northward and converges with the southward flowing NKCC, at
407N, 140°E, and forms a current meandering toward east along the SPF,

The simulated JNB has a maximum eastward component of 0.24 m/s in the winter
anc weakens to 0,09 /s in the summer. This is consistent with the earlier observational
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studv. The effect of coastul geometry. such as the Noto Peninsula on the INB, is also
sinulated.

The simulated UTHB warm-core anticvelonic eddy has a western branch of the TWO
{Le.. EKWC) which moves northward along the southern part of the Korean const and
separatis from the coast after approaching the East Korean Bay. 1 keeps its northward
motion until meeting the NKCC near 407 N, meanders southeastward, and forems a warm-
core anticyclonic eddy, This eddy is strongest in the summer and its center s located at
85N 1307 E. The size of the eddy is around 150 km. The tangential velocity is nround
0.4 m/s.

{(3) The nonlinear advection does not affect the general circulation pattern evident v,
bt does affect the formation of the mesoscale eddies, and especially the UTB eddy (all
seusons) and the JB cyclanie gyre {spring).

{4) The model wind effects on the JES circulation are more pervasive than those of
non-linear dynamic effects. The winter winds canse a strong basin-wide JES cyclonic
gyre with 8 Sv recirculation in the northern JES and the summer winds drive o weak
nearly basin-wide JES anticyelonic gyre. Thus, the wind forcing is the most important
faet (BOY) for the generation of the JB eyelonic gyre. Besides, the winds also inluence
the surface eirculation such as driving the LCC (winter), damping the EKWC (winter),
generating the UTB eddy (all seasons ), and generating eddies along the INB (all seasons),
The wind has almost no effect on the ocourrence of the JNB for all seasons.

(3) The model boundary-forcing enhances (weakens) the JES volume trunsport in the
summer (winter), 1t has very weak effects on the oceurrence of the LOC excepl in the
winter, when the boundary-forcing accounts for 30% of the LOC at 46°N. It weakens
the JB eyclonic gyre by 2 Sv (26%) in the winter. Besides, the boundary forcing also
infAuences the surface circulation such as driving the UTE eddy in all the seasons (509
in the winter), generating the EKWC (50-100%%) in the winter and 21% in the summer),
und generating the JNB and eddies along the JNB,

(6) Future studies should concentrate on less simplistic scenarios. Realistic lateral
transport should be included and the use of extrapolaied climatological winds needs to
be upgraded to incorporate synoptic winds to improve realism. Finally, the assumption
of quasi-linearity that allowed us to use simple differences to guantify the effect of ex-
ternal forcing needs to be rigorously tested, Tt s very important to develop a thorough
methodology to perform sensitivity studies under the highly non-linear conditions thal
may exist in the littoral environment,
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Flg. 1. Geography and lsobaths showing the bathymetry (m) of the Japan /East
Sea (JES). .
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Fig. 2. Schematic map of surface current systems (after Tomczak and
Godfrey, 1994).
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Fig. 3. Simulated surface circulation from the contral run for (a) January,
(b) April, (c) July and (d) October.



|08 ESTUARINE AND COASTAL MODELING

(a) (b)

48

a8

Y
A=

Latnude M)

#

128 130 132 134 138 138 140 142 128 130 132 T4 136 134 140 142

Lattude (M)

198 180 132 134 38 138 D 142 198 130 132 134 1M @A 1400 w42
Langruda {E) Lengtuga (E)

Fig. 4. Simulated volume transport (Sv) from the control run for (a)
January, (b) April, (c) July and (d) October.
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Fig. 5. Simulated zonal cross-section of v-velocity component (m/s) along
37'N from the control run for (a) January, (b) April, (c) July and (d) October.
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Fig. 8. Simulated latitudinal cross-sectlon of u-velocity component (m/s)
along 135°E from the control run for (a) January, (b) April, (c) July and (d)
October.
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Flg. 7. Surface circulation caused by the non-linear effect: (a) January,
(b) April, (c) July and (d) October.
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Fig. 8. Surface circulation driven by the winds: (a) January, (b) April, (c)
July and (d) October.
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Fig. 9. Volume transport driven by the lateral forcing: (a) January, (b)
April, (¢) July and (d) October.



